Abstract. -Energy transfer plays a major role in most up-conversion processes and in some lasers. Both impurities and radiation-induced defects can affect the energy transfer in materials either constructively or destructively, depending on the system. In this study we present data on the optical properties of RbMnF 3 and RbMnF 3 : Er from measurements of the absorption, emission, excitation and lifetimes. In unirradiated material the optical properties can be described by crystal field parameters and by the use of the analysis of Struck and Fonger, and Flaherty and DiBartolo. In the case of irradiated materials, the huge oscillator strength changes for Mn 2+ ions located next to radiation-induced interstitials or F centres can strongly affect the energy transfer process.
1. Introduction. -Energy transfer has been studied extensively in RbMnF 3 and MnF 2 [1] [2] [3] [4] [5] [6] . Recent investigations of energy transfer between the Mn 2+ sublattice and Er 3+ ions in both RbMnF 3 and MnF 2 have shown that energy transfer from Mn 2+ ions to Er 3+ ions occurs between 15 K and 70 K and that above 110 K the nonradiative transitions strongly quench the Er 3+ radiative emission. Research on up-conversion and laser materials has indicated that energy transfer can be important in device materials and that electron irradiation can alter the properties of impurities in such a way as to affect energy transfer in these materials.
Earlier, it was illustrated that the presence of a radiation defect in the vicinity of a Mn 2+ ion can lift the spin and symmetry forbiddeness of the Mn 2 + transitions and result in greatly increased (10 4 ) oscillator strengths and appreciably decreased lifetimes [7] . In the earliest work a number of 3d ion-radiation defect complexes were proposed to explain this effect. However, research on RbMgF 3 : Mn [7] indicates that the primary defects are F centre-Mn 2+ and interstitial-Mn 2+ pairs. Yun et al. [6] , demonstrated that radiation defect-Mn 2+ pairs were formed in MnF 2 and RbMnF 3 with a concomitant change in optical properties. It is the purpose of this paper to study the effect of these defects on energy transfer in RbMnF 3 and RbMnF 3 : Er.
2.
Experimental. -The samples used in this study were grown in the Oklahoma State University Crystal Growth Laboratory under the direction of J. J. Martin. The doped specimen contained between 500 and 1 000 ppm erbium. The crystals were irradiated at 300 K with 1.7 MeV electrons to a dose of about 5 x 10 14 electrons/cm 2 . For optical measurements the samples were held in a Cryodyne Cryocooler with temperature control capability from 10 K to 300 K of about + 1 K. Absorption measurements were made on a Cary 14 spectrophotometer and emission spectra were taken using light from a 75 W xenon lamp passed through a 0.25 m monochromator. The emission was detected with an RCA 31034C photomultiplier attached to a one meter Jarrel-Ash monochromator and the appropriate electronics for both chopped and unchopped incident light. For lifetime measurements a GR strobatac light source with a 5 us pulse width was used. The signal was transmitted to a Nicolet 1070 Signal Averager and displayed after the appropriate number of sweeps [8] .
3. Results and discussion. -The emission spectra of RbMnF 3 : Er induced by exciting light of wavelength 400 nm and taken at three different temperatures are illustrated in figure 1. At 15 K an emission band is present at around 17 000 cm -1 (582 nm) which is due to impurity perturbed Mn 2+ ions [9, 10] .
-Low temperature emission spectra for RbMnF, : Er3' irradiated with 1.7 MeV electrons at 300 K.
The radiative lifetime, 7 , is 60 ms. An emission band appears at 15 900 cm-' (630 nm) when the temperature is increased to 40 K. This is shown in the figure, enhanced threefold. Also depicted are the sharp lines due to Er3+ which occur between 14 000 and 15 000 cm-'. These transitions are more pronounced at this temperature than at 15 K because of energy transfer to the ~r~+ ions from the Mn2+ sublattice. The Er3+ transitions (which arise from the 4F9,2 level) have a lifetime at 15-40 K of 38 ps, whereas the defect perturbed Mn2+ band at 15 900 cm-' has a lifetime of about 40 ms.
Irradiation with 1.7 MeV electrons has no effect on either the broad Mn2+ or the sharp Er3+ emission. However, two new emission bands appear after irradiation which increase in intensity with temperature. These bands, at 12 600 cm-' (790 nm) and 14 000 cm-' (710 nm), are much less intense than the impurity perturbed Mn2+ band at 15 K. This is best illustrated in the plot of the temperature dependence of the integrated intensity of these various bands portrayed in figure 2. It should be noted that there is still considerable intensity from the 710 nm band even at room temperature. The lifetime of this transition is very short. The lifetime of the 790 nm band is about 3 ms at 15 K. The temperature dependence of this lifetime, as well as that for the 4F9,2 Er3+ emission, is shown in figure 3 . The relatively long lifetime of the 790 nm band suggests that the transition is at least partially forbidden and could be due to an impurity. The excitation spectrum for this band is the same as the one depicted in figure 4 for the intrinsic Mn2+ absorption which, through energy transfer, yields the 582 nm band at 15 K, the 630 nm band and the Er3+ emission at 40 K. Since Fe3+ is isoelectronic with Mn2+, there is always the possibility that the excitation spectrum and the emission at 790 nm could be due to radiation-produced Fe3+. This is doubtful, however, and energy transfer probably occurs from the Mn2+ ions to the defect responsible for the 790 nm emission. Also illustrated in figure 4 is the excitation spectrum for the 710 nm emission band. This spectrum is shifted in energy from that shown for the intrinsic ~n~+ absorption, and yet the characteristic ~n ' + absorption profile still exists. This observation and the short lifetime of the transition lead us to believe that this defect is similar to the radiation defectMn2+ pair centres observed previously [7] .
In summary the following statements can be made. It is possible that the 790 nm emission is due to an impurity such as Fe3+, since it has such a long lifetime. The excitation for this emission agrees with the absorption for Mn2+ ions and could be entirely due to energy transfw'. On the other hand, the defect responsible for the 710 nm band, has a different, if similar, excitation spectrum from unperturbed Mn2+. The excitation spectrum for this 710 nm emission is similar to that for the radiation defect-Mn2+ pair absorption and excitation spectra observed in MgF, : Mn, KMgF, : Mn, and RbMgF, : Mn. This observation and the relatively fast lifetime of the Reply. -W . A. SIBLEY. In answer to the first question : No. Since we find oscillator strengths similar to those determined for other materials where no charge compensation is necessary, it is assumed that the compensation is not a next neighbour. This needs further study. Our crystals contain 500-1 000 ppm Er3+ and no change in structure has been observed for these samples in Our measurements.
Question. -W . HAYES. How do you establish the presence of F centres in RbMnF, ?
Reply. -W. A. SIBLEY. I did not mean to imply in the talk that it was known that F centres were present. As you well know, in magnetic crystals such as RbMnF,, spin resonance measurements of F centres are difficult to impossible. The defect-complex described has similar properties to the complex in RbMgF, and KMgF, which we suggest is an F centre-Mn2+ pair, but this has not been established for RbMnF,. Reply. -W. A. SIBLEY. The defect complex responsible for the 710 nm emission appears to be stable to about 500 K. Defectcomplexes with similar properties in RbMgF, are stable to about 600-700 K.
